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Styrene epoxidationAbstract Fe2O3 nanoparticles with diameters in the 7–18 nm range have been synthesized via ther-
molysis of polyvinyl alcohol (PVA) gels prepared under alkaline pH by adding Fe3+ ions into warm
aqueous solutions of PVA. While calcinations at 400 C, 500 C and 600 C give c-Fe2O3 as the pure
product, a-Fe2O3 is obtained by heating the gel at 700 C. It is found that the calcination temper-
ature has a pronounced effect on the nature of the oxide produced but has little effect on particle
size. The resultant Fe2O3 nanomaterials are ferromagnetic with moderate coercivities. Preliminary
investigations suggest that hematite (a-Fe2O3) nanoparticles effectively catalyze the epoxidation of
styrene with tert-butyl hydroperoxide (TBHP) as the terminal oxidant.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Magnetic nanoparticles ﬁnd applications in magnetic ﬂuids [6],
catalysis [26], biomedicine [11], magnetic resonance imaging
[19], data storage [15] and environmental remediation [28],among others. In these contexts, iron(III) oxide nanoparticles
ﬁnd a place of pride. Among iron oxide nanomaterials, maghe-
mite (c-Fe2O3) happens to be of signiﬁcant research interest be-
cause of various attributes including low chemical activity and
hence apparent non-toxicity as well as superior magnetic prop-
erties both of which are crucial for biomedical applications [5].
Indeed, iron oxide nanoparticles are widely seen as very prom-
ising agents in medical diagnostics [25]. The most important
and thermodynamically stable form of iron(III) oxide,
a-Fe2O3 is the mineral hematite which in addition to its prin-
cipal use in iron and steel making is also extensively used in
making many devices because of its n-type semiconducting
behavior. Various methods for the synthesis of nanoparticles
of these forms of magnetic iron(III) oxides are known
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determine the primary characteristics of nanoparticles such
as (i) size, (ii) size distribution, (iii) crystallographic identity,
(iv) shape and (v) mutual alignment [15,20], the development
of simple and reproducible methods for the synthesis of mag-
netic nanoparticles of iron oxides is of considerable contempo-
rary relevance. Since polyvinyl alcohol (PVA) is a
biocompatible and nontoxic polymer, its use in the synthesis
of magnetic nanoparticles may be considered appropriate.
Coating of PVA onto the surface of the magnetic nanoparticles
prevents their agglomeration, and thus formation of monodi-
spersed particles may be expected [16]. The metal ions in these
nanomaterials are believed to remain embedded homogenously
within the polymer network which does not permit the oxide
particles to agglomerate during thermolysis of PVA based gels.
Results on the synthesis of both a-Fe2O3 and c-Fe2O3 nano-
particles by varying the thermolysis temperature of gels pre-
pared by dispersing Fe3+ ions in an alkaline aqueous solution
of PVA are described in this paper. Preliminary results on the
catalytic use of nanosized a-Fe2O3 in the tert-butyl hydroperox-
ide (TBHP) oxidation of styrene are also discussed. This partic-
ular reaction has been selected for investigation in view of
earlier literature reports [12,32] on the use of oxides of iron as
catalysts in the oxidation of styrene. In this organic transforma-
tion, selective formation of styrene oxide (SO) is usually the
desired goal. SO is traditionally produced by oxidizing styrene
with stoichiometric amounts of peracids as oxidizing agents
[27]. However, peracids are expensive, hazardous and non-
selective for epoxide formation. In view of this, many efforts
have been made to develop suitable catalysts for styrene epox-
idation. As indicated above, oxides of iron have been explored
as catalysts for achieving selective epoxidation of styrene on
several occasions [14]. The present efforts will be directed to-
wards examining if the use of nanoscale a-Fe2O3 as a catalyst
results in any signiﬁcant improvement in catalytic efﬁciency.2. Experimental
2.1. Material and methods
All chemicals used in this work were of commercial grade and
used without further puriﬁcation. Ferric chloride (FeCl3), so-
dium hydroxide (NaOH) and bulk hematite (a-Fe2O3) powder
were purchased from E. Merck (India). Polyvinyl alcohol
(PVA, Mol. Wt. = 115,000) was obtained from Loba Chemie
(India). Styrene and TBHP (70% aqueous) were procured
from Sigma–Aldrich (USA). Powder X-ray diffraction
(PXRD) patterns of the synthesized oxide samples were re-
corded using a Philips X’pert Pro X-ray diffractometer with
Cu-Ka radiation (k= 1.5418 A˚) with 2h ranging from 25 to
80. Transmission electron microscopic (TEM) images were re-
corded on a JEOL JEM 2100 (200 kV) instrument. The IR
spectra were obtained using a Shimadzu IRAfﬁnity-1 instru-
ment in the 4000–400 cm1 range for KBr pellets. A Hitachi
U-4200 spectrophotometer was used to acquire optical absorp-
tion spectra in the UV–Vis-NIR region in the diffuse reﬂec-
tance mode from dried powdery ﬁlms mounted on glass slide
using BaSO4 for preparing the ﬁlm. The magnetic properties
were measured with a Lakeshore 7410 vibrating sample mag-
netometer (VSM) at room temperature.2.2. Preparation of iron oxide nanoparticles (IONP)
In a typical synthesis of iron(III) oxide nanoparticles 10 g of
PVA was dissolved in 80 mL of hot distilled water under vig-
orous mechanical stirring. 10 mL of an aqueous solution
(0.162 M) of FeCl3 was added to this PVA solution and stir-
ring was continued for 15 min. Then the solution was made
alkaline by the drop wise addition of 10 mL aqueous solution
of NaOH (0.75 M). The reaction solution slowly turned brown
forming a gel with the increasing alkalinity and stirring was
continued further for 2 h. The as obtained gel was dried in
an open beaker on a water bath at 85 C. Finally, the dried
gel was calcined at chosen temperatures in static air for 5 h.
The red powders obtained after thermolysis of the gel were
washed ﬁrst with warm water and then with cold water several
times until the washings were free of chloride and the ﬁnal res-
idues were dried in an oven at 60 C overnight.
2.3. Catalytic oxidation of styrene
Oxidation of styrene was carried out in a round bottom ﬂask
ﬁtted with a water-cooled condenser using 70% aqueous TBHP
as the oxidant. To the mixtures of substrate (0.5 mL, 5 mmol),
TBHP (2 mL, 14 mmol), and acetonitrile (5 mL) the catalyst
(10 mg) was added and the ﬂask containing the reaction mix-
ture was heated at a constant temperature of 80 C. The pro-
gress of the reaction was monitored by a Bruker 430 GC
equipped with a ﬂame ionization detector (FID) and a capillary
column (FactorFour: capillary column, VF-1 ms, 15 m,
0.25 mm, 0.25 lm). Samples of the reaction mixture were with-
drawn at regular time intervals and in each case the catalyst was
removed by centrifugation prior to GC examination. Products
were identiﬁed by comparing them with authentic samples,
while substrate conversion and product yields were determined
from peak areas. In addition, products forming in the reaction
were also conﬁrmed by 1H NMR spectroscopy. A sample was
withdrawn from the reaction mixture after 4 h of reaction, ﬁl-
tered and a small volume of the ﬁltrate was dissolved in CDCl3
to record a spectrum (provided as Supplementary Information)
on a Bruker Ultrashield 300 NMR spectrometer by making use
of tetramethylsilane (TMS) as an internal reference.
3. Results and discussion
3.1. Synthesis and characterization of IONP
In the presently developed synthetic procedure for obtaining
IONP FeCl3 has been utilized as the starting material which
was mixed with PVA in aqueous medium and an iron(II)
hydroxide gel was formed by slowly making the mixture alka-
line. The dried gel so obtained was thermolysed in a furnace in
static air to obtain IONP. In order to study the effect of calci-
nation temperature on the size and morphology of the synthe-
sized oxide materials, the metal dispersed PVA gels were
calcined at four different temperatures while keeping all other
conditions constant. The sample names S4, S5, S6 and S7 have
been assigned to the samples obtained via calcination of PVA
gels at 400, 500, 600 and 700 C, respectively. The materials
were characterized by several techniques and the results ob-
tained are described below.
Figure 1 Indexed XRD patterns of the samples (a) S7, (b) S6, (c)
S5, and (d) S4.
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identiﬁcation purposes. The diffraction patterns observed for
the red and brown–red iron oxide samples prepared as above
are shown in Fig. 1. All peaks in Fig. 1(a) for sample S7 can
be indexed to pure hexagonal a-Fe2O3 (Sp. Gr., R3c) with lat-
tice constants a= 5.014 A˚ and c= 13.673 A˚ (JCPDS, Ref.
Code: 84-308). On the other hand, all peaks in Fig. 1(d) for
sample S4 can be indexed to pure c-Fe2O3 (Sp. Gr., P4332)
with lattice constants a= b= c= 8.350 A˚ (JCPDS, Ref.
Code: 024-081). The diffraction patterns shown in Fig. 1(b)
and (c) are quite similar to 1(d) and hence both S6 and S5
can also be interpreted as being c-Fe2O3. However, in actual
practice the PXRD technique cannot be used to conclusively
differentiate between c-Fe2O3 and Fe3O4 phases of iron oxide
because both oxides belong to the family of spinels [3]. There-
fore, the infrared spectroscopic technique will be used (please
see below) to investigate whether our samples are consisted
of pure maghemite or a mixture of two phases viz. c-Fe2O3
and Fe3O4.
Nanocubes of a-Fe2O3 were earlier synthesized by burning
a gel produced from a solution of ferric nitrate nonahydrate in
an aqueous solution of PVA [24]. It was reported that the pres-
ence of NO3
- as counter anions of Fe3+ helped nanoparticle
formation by providing an oxidizing environment during ther-
molysis of the gel. Hematite (a-Fe2O3) particles with diameters
in the ranges 30–48 nm and 12–16 nm were found to form by
making use of PVA of molecular weights 14,000 and
125,000, respectively. These authors did not report the forma-
tion of c-Fe2O3 in their procedure. The presently developedTable 1 Estimated crystallite sizes (XRD) and average particle size
Samples XRD/Scherrer formula




S7 17 0.0084procedure thus provides a facile route to form both phases
of ferric oxide at moderate reaction temperatures. It is believed
that c-Fe2O3 nanoparticles could be obtained at the lower cal-
cination temperatures due to the differences in the synthetic
route followed to form the Fe-PVA gel. It may be mentioned
that silica supported c-Fe2O3 nanoparticles could be synthe-
sized by heating a precursor gel prepared via sol–gel method
using iron(III) nitrate and tetraethoxysilane (TEOS) at
700 C [22]. These authors reported that the as-obtained
c-Fe2O3 transformed completely to the e-Fe2O3 phase upon
increasing the annealing temperature to 1100 C. When the
calcination temperature was raised further to 1300 C, a mix-
ture of a-Fe2O3 and Fe3O4 was reported to form. Clearly, high-
er reaction temperatures favor the formation of Fe3O4 and a-
Fe2O3. Formation of c-Fe2O3 at the lowest temperature in the
present instance is thus consistent with earlier ﬁndings.
The PXRD traces have been used to estimate the crystallite
sizes of the samples under study. For the calculation of the
crystallite size of the particles by Scherrer equation the most
intense peak was selected in all the cases. The crystallite size
of the materials was determined in each case using the formula
t ¼ kk
b cos h
where, t= crystallite size in A˚, k= 0.89, k= 1.5418 A˚ (Cu-
Ka), h= peak position, and b= effective full width at half
maximum (FWHM) of the most intense peak. The particle
sizes determined in this manner are listed in Table 1.
The HRTEM picture of S4 shown in Fig. 2(b) exhibits two
different planes with interplanar distances of 2.11 A˚ and
2.53 A˚ that are quite characteristic of (311) and (220) planes
of c-Fe2O3, respectively. The measured interplanar spacing
(2.54 A˚) of S5 (Fig. 2(d)) also matches with that of the d-spac-
ing value of (220) plane of maghemite. On the other hand, the
lattice interplanar distance of 2.56 A˚ as observed for S6
(Fig. 3(b)) corresponds to the (220) plane of c-Fe2O3, while
as per Fig. 3(d) the spacing of 1.71A˚ observed for S7 corre-
sponds to the (116) planes of a-Fe2O3. The TEM images of
the synthesized nanoparticles show that the particles obtained
via calcination at lower temperatures (400 C and 500 C) are
uniformly spherical in shape and also that the size distribution
is more or less homogenous. On the other hand, the observed
shapes of the particles obtained via thermolysis of PVA gels at
the higher temperatures are non-spherical. The crystallite sizes
of the oxides obtained from PXRD results are in good agree-
ment with particle sizes obtained from TEM study on the same
samples (Table 1). It may be expected that at higher tempera-
tures aggregation of smaller particles may occur due to the
requirement of minimizing high surface energy, and therefore
use of higher calcination temperature could increase the parti-
cle size [8]. In fact, in the present instance it has been found tos (TEM) of iron oxide samples.
TEM





Figure 2 (a) TEM and (b) HRTEM images of S4 and (c) TEM and (d) HRTEM images of S5. Insets show their corresponding lattice
spacings and SAED patterns.
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S4 and S5 to 15 and 18 nm for S6 and S7 as the calcination
temperature is raised in increments of 100 C in the 400–
700 C interval. This appears to be an excellent manifestation
of the effect of temperature on the size of nanoparticles synthe-
sized via thermolysis.
Fig. 4 shows the mid-IR spectra of the IONP samples.
Apart from absorptions around 3440 and 1620 cm1 due to
vibrations of adsorbed moisture, two absorptions around 540
and 442 cm1 constitute a regular feature of the mid-IR spec-
tra of the iron oxide samples. Such absorptions have been
attributed in the recent past to Fe–O vibrations of Fe2O3
[31]. The peaks in the range 1070–1080 cm1 are also believed
to have origin in a Fe–O bending mode (Pal and Sharon,
2007). It however appeared that the spectra could not be used
to distinguish clearly between the a- and c-phases of Fe2O3.
But the band around 580 cm1, typical for Fe–O vibration
of Fe3O4 cannot be observed in the IR spectra of the oxide
materials [17] which further supports the absence of the mag-
netite (Fe3O4) phase. Thus, PXRD along with IR spectroscopysuggests that the oxide samples obtained at the calcination
temperatures below 700 C are essentially c-Fe2O3.3.2. Optical properties
The optical absorption spectra of the iron oxide nanoparticles
are presented in Fig. 5. The synthesized oxide samples exhibit
strong absorptions in the wavelength range of 487–530 nm. It
is noteworthy that the absorption maxima of the materials
gradually shift to the higher wavelength region with increasing
particle size which in turn increases with increasing calcination
temperature. The observed blue shift of absorption maxima is
believed to be due to the quantum size effect [30]. The optical
band gaps of the nanomaterials have been evaluated following
the Tauc’s relationship
ðah#Þ1=n ¼ Cðh# EgÞ
where, a is the absorption coefﬁcient of the semiconducting
materials at a certain wavelength k, h is Planck’s constant, C
Figure 3 (a) TEM and (b) HRTEM images of S6 and (c) TEM and (d) HRTEM images of S7. Insets show their corresponding lattice
spacings and SAED patterns.
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light, Eg is the band gap energy, and the exponent, n= 1/2
and 2 for direct and indirect band gaps of semiconductors
respectively. The absorption coefﬁcient can be obtained from
the equation









where, A, t, It, and I0 represent the absorbance, thickness of
the nanomaterial ﬁlm, intensity of transmitted light, and inten-
sity of incident light, respectively.
In order to estimate the band gap, (ahm)2 is ﬁrst plotted
against hm and then the band gap energies are estimated from
the extrapolation of the curve at a= 0 as shown in the ﬁgures.
The band gap energies of the materials are presented as insets
of their respective optical spectra. Thus, for S4 and S5 Eg val-
ues are 2.27 and 2.24 eV while for S6 and S7 band gap values
are 2.23 and 2.20 eV. Thus, the band gap values of the synthe-
sized iron oxide nanoparticles are higher than that of bulk
hematite [4] for which Eg value is 2.1 eV. Band gap widening
is a striking effect of quantum conﬁnement that has beenobserved in numerous other semiconductor materials possess-
ing delocalized electronic states close to the Fermi level [30].
3.3. Magnetic properties
Fig. 6 shows the typical magnetization curves and hysteresis
loops for the synthesized iron oxide nanoparticles. The ob-
served value of saturation magnetization (Ms) for S4 is
38 emu/g which is much lower than the reported Ms value of
the multi-domain bulk maghemite (74 emu/g) [1]. This de-
creased Ms is believed to result from decreasing particle size
[9] and the crystal and shape anisotropy [34]. The saturation
magnetization values of the samples S5 and S6 are 25 emu/g
and 18 emu/g, respectively which are much lower than those
values obtained theoretically for bulk maghemite [10]. A de-
crease in Ms is often observed with the decreasing particle size
which can be attributed to the surface contribution, surface de-
fects, and stoichiometric deviation [9]. Among our maghemite
samples (S4, S5, S6), S6 is found to have the highest coercivity
(69 Oe) and thus it has a harder magnetic character relative to
S4 and S5 which have coercivities of 30 and 63 Oe,
Figure 4 Mid-IR spectra of the IONP samples (a) S7, (b) S6, (c)
S5 and (d) S4.
Figure 5 UV–vis spectra of the samples (a) S4, (b) S5, (c) S6 and (d) S
direct transition.
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the a-Fe2O3 nanorods with diameters of 15–25 nm and lengths
of 170–330 nm and found no hysteresis loop indicating super-
paramagnetic character [29]. Superparamagnetic behavior was
also reported for spherical a-Fe2O3 nanoparticles with diame-
ters of about 16 nm [2,33]. Average particle size of the synthe-
sized hematite sample lies within the range of the critical size
(20 nm) of a single-domain magnetic particle (superparamag-
netic particle) [7]. In our case, S7 (a-Fe2O3) has saturation
magnetization value 38 emu/g and coercivity value 72 Oe
which is larger than what may be expected on the basis of
the reduced particle size. This anomalous magnetic behavior
may perhaps be attributed to the shape anisotropy effects
[34] and to the extensive agglomeration of the magnetic parti-
cles [35].
3.4. Epoxidation of styrene
The above nanosized a-Fe2O3 material (S7) has been examined
as a heterogeneous catalyst in the epoxidation of styrene using
aqueous TBHP as the oxidant. The oxidation reaction was7. Insets show their representative plots of (ahm)2 versus hm for the
Figure 6 Room temperature magnetic hysteresis loops of (a) S4, (b) S5, (c) S6 and (d) S7 with insets showing their corresponding low
ﬁeld loops.








2 37.8 57.8 42.2
4 56.3 75.9 24.0
6 72.7 76.8 23.2
8 77.8 66.2 33.8
Reaction condition: substrate, 5 mmol; catalyst amount, 10 mg;
solvent, MeCN (5 mL); TBHP (70% aq.) amount, 2 mL (14 mmol);
temperature, 80 C.
a Obtained from GC analysis.
S176 R.A. Bepari et al.carried out at 80 C with 5 mmol of styrene in 5 mL of aceto-
nitrile (solvent) using 10 mg of catalyst and 2 mL of TBHP
(70% aq.). The substrate conversion and product yields have
been estimated by gas chromatography at different stages of
the reaction. The results on the oxidation of styrene are shown
in Table 2. It is found that with rise in reaction time the styrene
conversion increases gradually and after 6 h of reaction, about
73% styrene conversion occurs with 77% selectivity for epox-
ide. As reaction time is increased to 8 h the styrene conversion
increases marginally but selectivity to epoxide decreases signif-
icantly. When the reaction is carried out without any catalyst,a very low styrene conversion occurs to suggest the catalytic
role played by a-Fe2O3. Furthermore, a reaction carried out
with bulk hematite gave 19% conversion with 45% selectivity
for epoxidation. Additionally, benzaldehyde and also a trace
amount of benzoic acid have been detected as other products
in reactions involving both bulk as well as nanosized Fe2O3
catalysts.
In an earlier instance Huang et al. reported the epoxidation
of styrene with TBHP over porous Fe3O4 nanoparticles under
heterogeneous condition [14]. With Fe3O4 as the catalyst these
authors obtained 43% styrene conversion with 74% epoxide
selectivity along with benzaldehyde as the co-product. Immobi-
lization of Au nanoparticles on the Fe3O4 support had report-
edly improved the effectiveness of epoxidation process
signiﬁcantly. Liang et al. reported that 4% styrene conversion
with 22% epoxide selectivity could be obtained over Fe2O3 cat-
alyst using O2 as the oxidant [21]; however, with Fe3O4 and
FeO as the catalysts, somewhat better results could be achieved.
On the other hand, nanoscale Fe3O4 having deposited Ag nano-
particles was found to catalyze the epoxidation of styrene using
TBHP where complete conversion of styrene with 84% selectiv-
ity for styrene oxide was observed after 13 h of the reaction [33].
In the present work, however, the nanoscale a-Fe2O3 catalyst
has been found to be quite effective without deposited metal
nanoparticles and thus the presently developed heterogeneous
system may be regarded as a promising one, particularly
Synthesis of a- and c-Fe2O3 nanoparticles and studies on a-Fe2O3 catalyzed styrene epoxidation S177because its activity and the resultant epoxide selectivity are sig-
niﬁcantly better than those observed for bulk hematite.4. Conclusion
IONPs with very narrow particle size distribution have been
synthesized simply by thermolysing a PVA-Fe(OH)3 gel matrix
at moderate temperatures. The fact that the same procedure
allows for the preparation of a-Fe2O3 as well as c-Fe2O3 by
simply varying the calcination temperature is an important
ﬁnding of the present work. Nanoparticle morphology is found
to depend upon the temperature of thermolysis. The iron oxide
nanomaterials are ferromagnetic irrespective of their phase
identity as well as other physicochemical attributes. The hema-
tite nanoparticles are found to catalyze the selective epoxida-
tion of styrene with TBHP as the oxidant.Acknowledgements
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